Abstract. An electrochemical study of zinc deposition was carried out in baths containing 0.5 M ZnCl 2 and 0.4 M H 3 BO 3 . From the voltammetric study it was found that, in our experimental conditions, zinc electrodeposition is quasi-reversible and occurs under charge transfer control. The average coefficient diffusion calculated was D = 7.14 × 10 -6 cm 2 s -1 while the standard constant at electrode charge was 8.78 × 10 -3 cms -1 . The nucleation and growth parameters determined from the potentiostatic study showed that, at bigger overpotentials, a vertical growth is favored, suggesting a dendritic growth. The critical cluster´s size calculated was 2, indicating that each active site is formed by two zinc atoms on the glassy carbon electrode (GCE) surface, while the ∆G for the formation of stable nucleus was 1.35 × 10 -20 J/nuclei. The Scanning Electron Microscopy images showed thin platelets of hexagonal crystals and dendrites at lower and higher overpotentials applied, respectively. Key words: Zinc, Quasi-reversible, Charge transfer control, Kinetic study, Nucleation.
Introduction
Coatings of zinc and its alloys are of great practical importance because of their capacity to protect ferrous substrates against corrosion [1] [2] [3] [4] . Several factors such as zinc concentration [5] , complexing agents [6] , anions [7, 8] , and additives [9] play fundamental roles in zinc electrodeposition. These factors may modify the texture and morphology of zinc electrodeposited coatings [10] [11] [12] [13] . Although, several works have been reported in literature, the relation between the morphology of the deposits and their electrochemical parameters are still not clear [14] . Thus, those works that attempt to get an insight into the nucleation and crystal growth process are few [14] [15] [16] [17] [18] .
Zinc electrodeposition from acid baths has been commercially practiced for a long-time, mainly from acid chloride and sulfate baths [14, 18] . However, despite its great significance to the plating industry, the nucleation and crystal growth process is often not well understood. Thus, for example, the Zn 2+ ions can interact with SO 4 2-or Cl -ions forming metal-ion complexes whose stability constants are 10 2.38 and 10 0.96 at 25 o C, respectively. Therefore, a strong interaction of Zn 2+ ions with anions results in larger overpotentials [19] . Although, the zinc electrodeposition is well recognized, the kinetic parameters related to this are unclear yet. Some reports in the literature indicate that the zinc electrodeposition is fast and autocatalytic controlled by an electronic transfer charge [18, 20, 21] , other reports suggest a diffusion control [14, 22, 23] . However, only few works report the nucleation parameters associated with zinc electrodeposition, especially on carbon substrates [18, 22, 24] . The main advantage, of use glassy carbon electrode (GCE) in the electrodeposition studies, is that it is an inert substrate, and it is possible to study nucleation and growth neglecting the metal-metal interaction. Thus, in this paper, the zinc electrodeposition onto GCE from acid chloride baths is examined using cyclic voltammetry, chronoamperometry and scanning electron microscopy, in order to get a better understanding of the zinc electrodeposition process from acid chloride baths. Figure 1 shows a typical cyclic voltammogram, at the scan rate of 5 mVs -1 , corresponding to zinc deposition onto GCE from a solution containing 0.5 M ZnCl 2 and 0.4 M H 3 BO 3 . It is possible to note, at direct scan, a peak A at -1.098 V. During the inverse of the potential scan, it is possible to note two crossovers, E C and E CEP . The crossover E C (-1.090 V) is typical of the formation of a new phase involving a nucleation process. Also, last potential is associated with an electrocatalytic point [25] . The second crossover potential E CEP was recorded at -1.02 V and may be related to the conditional equilibrium potential of couple Zn 2+ /Zn 0 . In the anodic zone, it was possible to observe a principal peak B at around -0.918 V. The existence of this peak suggests the presence of zinc electrodeposited during the direct scan.
Results

Voltammetric study
To determine the limiting control of the zinc electrodeposition, the current value associated with peak A was plotted as a function of ν 1/2 (ν =scan rate), see Fig. 2 , according to the Berzins-Delahay's equation [26, 27] . A non-linear relationship was found. Last result may be indicative either the presence of other contributions to the overall current during the Zn deposition process additional to the 3D nucleation contribution or the existence of quasi reversible system [28] . However, in the voltammetric curves it was not possible to observe the presence of a cathodic current caused by the proton reduction process overlapped with the current of zinc electrodeposition. In order to verify this behavior we compared the cathodic charge with the anodic charge at different scan rates. The results are summarized in Table 1 . Note that the ratio (Q c =Q a .) remains approximately constant at unity indicating that the current recorded during the cathodic and anodic scan is due to the zinc electrodeposition. The analysis of the ratio (I B /I A ) in function of the scan rate showed a deviation from the unit, while the values of (Ep B -Ep A ) were increased with the scan rate. Note that the values of E 1/2 remains without depending on the scan rate. These features are typical of a quasi reversible system. Also, It has been reported that for these kind of systems the peak current is given by [28] :
Where Ψ(E) depends on the potential. Thus, from equation (1), the average coefficient diffusion calculated was D = 7.14 × 10 -6 cm 2 s -1 . Matsuda and Ayabe have proposed a reversibility factor (L) for electrode reactions [28, 29] given by:
Where k 0 is the standard constant at electrode (cms -1 ), D R is the diffusion coefficient of reduced species, D O is the diffusion coefficient of oxided species, n the number of electrons transferred, F is the Faraday's constant, ν is the scan rate, Λ is a kinetic parameter related to (Ep B -Ep A ) [28] . Matsuda and Ayabe reported that for a reversible system: L > 15, quasireversible system: 15 > Λ > 10 -2(1+α) and irreversible system: Λ < 10 -2(1+α) . Assuming that D R is equivalent to D O the equation (2) can be written as Λ = k 0 /(78Dν) 0.5 = 42.37k 0 ν -0.5 . Additionally, in our experimental conditions α was calculated as 0.5, therefore the relationship 132.48(Dν) 0.5 > k 0 > 0.009(Dν) 0.5 can be derived for the quasi reversible case. From equation (2) Fig. 2 . Plot of the experimental cathodic current density peak ( j p ) as a function of scan rate (ν 1/2 ) for Peak A. The broken line corresponds to the tendency of the experimental data. electrodeposition from alkaline solutions [29] . Here, it must be remembered that the Matsuda and Ayabe criteria considers that the charge-transfer rate constant and the sweep rate are related. Thus, the transfer coefficient affects the symmetry of the curve. In the case where α < 0.5, the cathodic peak is more rounded than the anodic peak, where the resultant broadening decreases the peak height. Moreover, the current-potential curve shifts to the potential axis. Thus, it has been reported that the range in where the Matsuda and Ayabe's equation may be applied is located at 0.3 < α < 0.7 [30] .
Chronoamperometric study
Detailed information about the electrocrystallization process can be obtained from potentiostatic deposition. Figure 3 shows a set of current transients recorded at different potentials from GCE/ 0.5 M ZnCl 2 and 0.4M H 3 BO 3 system. In these transients it is clear the presence of an induction time, which depends of the potential applied. After this initial induction time an increase in the current, due to the 3D nucleation and growth, was recorded. From the voltammetric study, it was evidenced a charge transfer control during the deposition process of zinc under our experimental conditions. Abyaneh et al [31] have proposed for transients controlled by charge transfer the equation (3). 
A 3 is a constant related to the nucleation rate conversion of an active site to a nuclei (nuclei cm -2 s -1 ), A 3 ' = nucleation rate constant (s -1 ), k 3 = growth rate constant in the parallel direction to the substrate (moles cm -2 s -1 ), k 3 ' = growth rate constant in the vertical direction to the substrate (moles cm -2 s -1 ), τ is the induction time, a is the substrate area, k H 2 ' is associated with the proton reduction in two dimensions and k 3H and k H 3 ' corresponds to the proton reduction on the deposit in parallel and perpendicular direction respectively. From the voltammetric study it was shown that, in the potential range studied the zinc electrodeposition, is carried out without the influence of the proton reduction. Thus, the equation (3) can be simplified as i zaFk P t P t P P P P P t P Table 2 . It was seen that an increment of the nucleation rate was obtained when the potential applied was decreased. Also, note the growth rate constants k 3 ' and the combined constant k A 3 2 3 increase and diminish respectively when the applied potential decreases. Last results suggest that at lower overpotentials a growth in parallel direc- tion of the substrate is favored while at bigger overpotentials a vertical growth might be expected.
Analysis of the kinetic parameters.
From the nucleation rate values reported (Table 2) , it is possible to calculate the Gibbs free energy of nucleation employing the next equation (equation (2.42) in reference [32] ):
where ∆G is the Gibbs free energy of nucleation, J/nuclei; k B is the Boltzmann constant (1.38066 × 10 -23 J mol -1 ), T is the absolute temperature, K, η is the overpotential, z is the charge transferred during the zinc reduction process and e is the elementary charge of the electron. On the other hand, the critical nuclei can be calculated employing (equation (2.43) in reference [32] ):
It is important to mention that equations (9) and (10) ( ) )/dη = 4.3 × 10 -3 . Thus, the ∆G calculated for this system was 1.35 × 10 -20 J/nuclei. This energy corresponds to the ∆G value requirements for the formation of stable nucleus, the average critical cluster´s size (n c ) calculated employing eq (10) was n c =2 suggesting that each active site is formed by two zinc atoms on the GCE surface.
Morphological analysis
The morphology of the electrodeposits was studied by Scanning Electron Microscopy. Figure 5a shows the morphology of the deposit obtained at -1.045 V. Observe that the coatings consisted of thin platelets of hexagonal crystals, which were stacked on each other. Figure 5b shows the deposit obtained at -1.065 V, in this image it may be observed a perpendicular growth of the hexagonal crystals. Also, note small dendrites on the deposit. On the other hand, a clear dendritic growth was detected in the deposits obtained at -1.08 V, Fig.  5c . The morphological studies were consistent with the kinetically parameters detected from the potentiostatic study where an increase in the growth rate constant in the vertical direction to the substrate had higher values at bigger overpotentials applied. 
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Conclusions
We have studied Zn electrodeposition onto glassy carbon electrode from 0.5 M ZnCl 2 , 25 g/l H 3 BO 3 aqueous solution by using cyclic voltammetric and potentiostatic techniques. From the voltammetric study, it was possible to find that under our experimental conditions, the electrodeposition of zinc occurs under charge transfer control and it is quasi-reversible. The nucleation and growth parameters calculated, indicated that at lower potentials a perpendicular growth is favored suggesting a dendritic growth at bigger overpotentials. The Scanning Electron Microscopy images showed the formation of thin platelets of hexagonal crystals and dendrites, according to the predicted by the parameters obtained in the kinetic study.
Experimental
All experiments were carried out at room temperature (25 o C).
A standard three-compartment electrochemical cell was used for the experiments. The cell was filled with a 0.5 M ZnCl 2 and 0.4 M H 3 BO 3 solution. A saturated calomel electrode (SCE) was used as reference electrode and a platinum wire as counter electrode. The working electrode was a disc of glassy carbon with a radius of 3 mm. The exposed surface area of GCE was polished to a mirror finish with different grades of alumina down to 0.05 µm and ultrasonically cleaned before the experiments. The electrochemical experiments were carried out in a PARC M-270 potentiostat connected to a personal computer to allow control of experiments and data acquisition. For morphology analyses a scanning electron microscope LEICA Model S420 was used.
